Abstract. The East China Sea (ECS) and the South China Sea (SCS) are two major marginal seas of the North Pacific with distinct seasonal variations of primary productivity. Based upon field observations covering both the ECS and the northern SCS (NSCS) during December 2008-January 2009, we examined southward long-range transport of nutrients from the ECS to the northeastern SCS (NESCS) carried by the China Coastal Current (CCC) driven by the prevailing northeast monsoon in wintertime. These escaped nutrients from the ECS shelf, where primary production (PP) was limited in winter, might however refuel the PP on the NESCS shelf at lower latitude, where the water temperature remained favorable, but river-sourced nutrients were limited. By combining the field observation of nitrate+nitrite (NO 3 +NO 2 , DIN) with our best estimate of volume transport of the CCC, we derived a first-order estimate for DIN flux of 1430 ± 1024 mol s −1 . Under the assumption that DIN was the limiting nutrient, such southward DIN transport would have stimulated 8.84 ± 6.33 × 10 11 gC of new production (NP), accounting for 33-74 % of the NP or 14-22 % of PP in winter on the NESCS shelf shallower than 100 m.
Introduction
The continental shelf is well known for its high biological production, due to the abundant nutrients sourced from the land via river discharge and/or supplied through coastal upwelling and shoreward cross-shelf transport (Wollast, 1991 (Wollast, , 1993 Ladd et al., 2005; Whitney et al., 2005; Sugimoto et al., 2009) . Another possible transport pathway to redistribute dissolved and particulate nutrients and other materials is through alongshore currents, which can often be observed along the isotherms, featured with significant volume transports over long distance (Liu et al., 2000; Kao et al., 2003; Keafer et al., 2005; Whitney et al., 2005; Liu et al., 2007; Chen, 2008; Guo et al., 2012) . However, the role of such alongshore transport of nutrients and the subsequent biological effects has rarely been examined, probably because it is commonly believed that the strongest gradients both chemically and biologically are important only in the cross-shelf dimension.
Two major continental shelves of the western North Pacific are those of the East China Sea (ECS) and the northern South China Sea (NSCS). These shelves are connected by the Taiwan Strait (TWS) (Fig. 1a) . Hydrographic data characterize the China Coastal Current (CCC), which is driven by the northeast winter monsoon, to be one of the major water Published by Copernicus Publications on behalf of the European Geosciences Union. Naik and Chen (2008) , in November 2008 by Yan (2011) and in March 1997 by Liu et al. (2000) , respectively. The locations involving bottom-mounted acoustic Doppler current profiler (bm-ADCP) deployments are marked by a pink star for site C1 (24.98 • N, 119.48 • E) from 1 October to 14 December 1999 and by a red star for site WC1 (24.98 • N, 119.48 • E) from 1 January to 28 February 2001. The black triangle located in the TWS refers to the study site of Fu et al. (1991) . The blue line in the western TWS marks the transect width used for volume transport estimation based on the bm-ADCP. The red dashed line across the TWS is the transect that our numerical model adopted to simulate the current velocity, a fraction of which is shown as a solid red line within the CCC regime and was taken to estimate the volume transport of the CCC.
masses in the TWS (Jan et al., 2006 , with relatively low sea surface temperature (SST) (< 18.0 • C) and salinity (< 33.0) (Fig. 1a) . Chen (2008) reviews the winter nutrient distribution pattern both in the ECS and the TWS, and points out that the nutrient fluxes carried by the CCC through the TWS can be very significant. Based on our new observations together with the data available in the literature concerning nutrients and volume transport in the TWS, and supplemented with output from our numerical model, our study sought to quantify such a southward nutrient flux and to examine its significance. We demonstrated that such an intershelf nutrient flux was an important nutrient source sustaining the wintertime primary production (PP) on the shelf of the northeastern South China Sea (NESCS), which would otherwise be oligotrophic because of the limited river discharges and lack of shelf-break upwelling.
Materials and methods

Study area
The ECS has a broad shelf located in the subtropical to temperate zone, which is warm (22.0-28.0 • C) in summer and cold (∼ 9.0 to 21.0 • C, Fig. 1a ) in winter. Such a seasonal contrast in temperature is particularly profound on the inner shelf. The Changjiang is the largest river emptying into the ECS, with a peak discharge of 50 000 m 3 s −1 in summer and a minimum of 13 000 m 3 s −1 in winter (http://xxfb. hydroinfo.gov.cn/). The ECS is influenced by the nutrientenriched Changjiang discharge and Kuroshio subsurface water, and has a moderately high PP in summer, in the range 0.2-1.0 gC m −2 d −1 (Chen, 1996; Chen and Wang, 1999; Chen et al., 2001; Gong et al., 2003 Gong et al., , 2006 Gong et al., , 2011 . However, PP in winter is only one-tenth of that in summer probably due to low water temperature and light availability (Chen et al. 2001; Chiang et al., 2004; K. K. Liu et al., 2010; Umezawa et al., 2013) , and, consequently, a significant amount of nutrients remain in the shelf waters of the ECS without being consumed. The NSCS has a northeastward widened shelf located in the subtropical to tropical climate zone with a complicated coastline and topography. In summer, water on the shelf is rather warm at around 27.0 • C (Han et al., 2012) . In winter, the water temperature significantly dropped, to 18.0-24.0 • C in the case of 2008 (Fig. 1a) , which was however still considerably higher than that in the ECS in the same period. The Pearl River is the largest riverine nutrient source to the NSCS shelf with a discharge of 15 500 m 3 s −1 in summer and 1800 m 3 s −1 in winter (http://xxfb.hydroinfo.gov.cn/). In summer, coastal upwelling plays an important role in supplying nutrients (Han et al., 2012) . Notably, the PP in the NSCS in winter is maintained at similar levels to those in Chen and Chen, 2006; Wang et al., 2012) . During this time period, the warm and oligotrophic Kuroshio surface water intrudes through the Luzon Strait and occupies a large area of the NSCS basin (Shaw, 1991; Hu et al., 2000) , which significantly reduces the nutrient inventory in the upper ocean (Du et al., 2013) . The TWS is ∼ 180 km wide with an average depth of ∼ 60 m (Hong et al., 2011) . Except in the winter monsoon period, the northward flow dominates (Wu and Hsin, 2005; Jan et al., 2006) . In winter, the prevailing northeasterly wind drives the CCC flowing southwards. The current is confined within the narrow inner shelf with a water depth of < 50 m. This coastal current originates from the ECS around the Changjiang estuary (Chang and Isobe, 2003; Chen, 2003; Lin et al., 2005; Guan and Fang, 2006) and is featured by low temperature, low salinity and high concentrations of nutrients as compared with the ambient seawater (Chen, 2003; Gong et al., 2003) , primarily due to the large amount of nutrient discharge from the Changjiang. The CCC starts in mid-September, peaks from October to January and weakens thereafter (Jan and Chao, 2003; Lin et al., 2005; Wu and Hsin, 2005; Pan et al., 2012) . A number of studies have investigated the water volume transport through the TWS, either based on field measurements using shipboard acoustic Doppler current profilers (sbADCPs) Wang et al., 2003) , bottommounted acoustic Doppler current profilers (bm-ADCPs) (Lin et al., 2005; Jan et al., 2006) , surface drifters (Qiu et al., 2011) , or high-frequency radar (Zhu et al., 2008) , or based on numerical models (Jan et al., 1998; Wu and Hsin, 2005; Wu et al., 2007; Fang et al., 2009) . However, studies dedicated to assessing the total volume transport of the CCC and its variability and biogeochemical significance have not yet been conducted.
Sampling and measurements
An expedition on board the R/V Dongfanghong II was conducted on the ECS-TWS-NSCS shelves in winter, from 25 December 2008 to 9 January 2009. Cross-shelf transects covering both the ECS and NSCS shelves (marked by PN, 6, 4, 2, A, C; Fig. 1b) were investigated. Note that most of our sampling stations were located on the shelf (< 200 m isobaths). Intensive sampling was conducted in the regions shallower than 50 m along the coastline from the ECS to the NSCS shelf (Fig. 1b) .
Samples were taken using Niskin bottles mounted onto a rosette sampler assembly, equipped with a conductivitytemperature-depth (CTD) recorder (Sea-Bird Co., SBE911). Nutrient samples were analyzed on board the ship using routine spectrophotometric methods with a Technicon AA3 Auto-Analyzer (Bran-Lube, GmbH) (Han et al., 2012 , and references therein). The nmol L −1 levels of PO 4 samples were frozen on board the ship and then measured in a shorebased laboratory following Ma et al. (2008) . Samples for chlorophyll a (Chl a) were filtered through 25 mm Whatman GF/F filters and then were immediately frozen until analysis. These samples were determined using a Turner fluorometer fitted with a red sensitive photomultiplier (Parsons et al., 1984) .
Model description
To supplement the limited field observations, we adopted the regional ocean modeling system (ROMS) (Shchepetkin and McWilliams, 2005) to simulate the coastal current and to derive the mean volume transport of the CCC. ROMS is a free surface, hydrostatic, primitive equation of an ocean model. The Mellor-Yamada 2.5 turbulent sub-model, a bulkflux formulation for air-sea exchange and benthic boundary layer formulations, is embedded in the ROMS. The model domain was rectangular, extending from 1 • N, 99 • E in the southwest corner to about 49 • N, 143.5 • E in the northeast corner with its zonal axis directed eastwards and its meridional axis northwards. The model had an averaged horizontal grid size < 10 km and 30 vertical levels in stretched generalized terrain-following coordinates. The water depths of the model were obtained by merging ETOPO2 (1/30 • resolution) from the National Geophysical Data Center (USA) with the water depths digitized from navigation maps published by China's Maritime Safety Administration. The model was forced with 10 yr (1999-2009) monthly mean 1/4 × 1/4 degree QuikSCAT winds and with climatological atmosphere fluxes from the National Centers for Environmental Prediction. Using the 10 yr monthly mean wind field, we smoothed out the inter-annual variability. The initial conditions for the temperature and salinity fields were from the World Ocean Atlas 2005 (http://www.nodc.noaa. gov/OC5/WOA05/woa05data.html). The length of simulation was 20 yr, during which the model reached quasi-steady state. Along the southern and eastern open boundaries, climatological momentum and thermal fluxes from the Ocean General Circulation Model For the Earth Simulator (Sasaki et al., 2008) were implemented through the open boundary conditions of Gan and Allen (2005) . The model was validated with observed sea surface temperature, dynamic height derived from Archiving, Validation, and Interpretation of Satellite Oceanographic data and other climatological mean conditions (Gan et al., 2013a) . The climatological annual transport in the TWS was northward at about 1.1 Sv (1 Sv = 10 6 m 3 s −1 ), close to the estimate of 1.09 Sv by Wu and Hsin (2005) and that of 1.2 Sv by Isobe (2008) . Figure 2 is the potential temperature-salinity (θ-S) diagram covering both the ECS and NSCS shelf, showing a distinct hydrological difference between low-salinity water masses and high-salinity water masses. The former water masses with salinity < 33.0 may be grouped into two: one was the Pearl River plume (PRP) featured by higher temperature, and the other was the CCC characterized by a larger salinity range and lower temperature. The higher salinity water masses were primarily ECS and NSCS shelf waters. Figure 3a and b further exhibit that a narrowband water mass with a low temperature of 12.1-13.0 • C and a low salinity of 26.7-31.4 occupied the inner shelf of the ECS. This colder and fresher water mass hugging the coast was the CCC. Strong cross-shelf gradients in temperature from 12.1 to 23.2 • C were observable, which was consistent with the satellite SST image during the same period (Fig. 1a) . We also observed that the water temperature gradually increased from 12.1 to 16.9 • C with the CCC flowing southwards from the Changjiang estuary mouth through the TWS (Fig. 3a) .
Results and discussion
Hydrography
Meanwhile, a water mass characterized by low temperature (17.5-17.9 • C) and low salinity (32.9-33.0) was observed in the nearshore region to the east of the Pearl River estuary mouth on the NESCS shelf ( Fig. 3a and b) . Since there was very limited freshwater discharge from the Pearl River in winter and the wind directed the plume southwestward, such a low temperature and salinity signal was very likely to have derived from the extension of the CCC. Another water mass with low salinity (∼ 31.0) was observed to the west of the Pearl River estuary mouth (Fig. 3b) . As distinguished from the θ-S diagram in Fig. 2 , this water mass was the PRP. Away from the inner shelf, the NESCS was characterized by high temperature (21.3-23.7 • C) and high salinity (> 34.0), reflective of the influence from the Kuroshio intrusion . We further used our field data collected in the ECS (Fig. 4a  and b ) and the NSCS shelves ( Fig. 5a and b) to give a transsectional view of the distinctive CCC. At transect PN, the CCC featured low temperature (12.1-16.5 • C) and low salinity (31.4-32.9), and occupied the inner shelf with a water depth mostly shallower than 50 m. Seaward from the CCC, both temperature and salinity increased gradually and were vertically well mixed as reported previously (Hama et al., 1997; Kim et al., 2009) .
At transect 2 crossing the NSCS shelf, we saw a similar pattern with vertically well mixed colder and less saline water nearshore ( Fig. 5a and b ) except for some downwelling structures with cold water (18.0-18.7 • C) extending from the CCC sloping downward along the bottom towards offshore (80-100 m isobath) (Fig. 5a ). The salinity signal of this downwelling structure appeared less pronounced than the temperature signal, probably due to mixing with the ambient saline oceanic water (Fig. 5b) . Note that S. M. 
Distribution of nutrients and Chl a
Surface distribution
The surface water occupied by the CCC displayed very high nutrient levels with their highest concentrations of DIN ∼ 35.0 µmol L −1 , PO 4 ∼ 0.89 µmol L −1 , and Si(OH) 4 ∼ 38.5 µmol L −1 being located immediately to the south of the Changjiang estuary mouth (Fig. 3c-e) . The offshore shelf water was characterized by lower nutrients due to dilution by the oligotrophic Kuroshio surface water and/or due to uptake by phytoplankton in the warmer and clearer water. Nevertheless, the nutrient concentrations overall stayed at high levels over the entire ECS with concentration ranges of 9.6-1.5 µmol L −1 for DIN, 0.58-0.15 µmol L −1 for PO 4 , and 15.4-3.0 µmol L −1 for Si(OH) 4 . It is interesting to note, however, the Chl a values were not concomitantly high, being 0.3-0.7 mg m −3 (Fig. 3f ). Low Chl a in the ECS in winter might be attributable to temperature and light limitation as suggested by previous researchers (Chen et al. 2001; Chiang et al., 2004; K. K. Liu et al., 2010; Umezawa et al., 2013) . Compared with the ECS, Chl a values on the NSCS shelf were higher. The PRP in its southwest region had the highest nutrient concentrations of ∼ 14.8 µmol L −1 for DIN, ∼ 0.51 µmol L −1 for PO 4 and ∼ 21.9 µmol L −1 for Si(OH) 4 ( Fig. 3c-e) . Correspondingly, Chl a up to 1.6 mg m −3 was observed (Fig. 3f) . Nutrients on the NESCS inner shelf were also relatively abundant, where DIN, PO 4 and Si(OH) 4 were 6.6-8.0 µmol L −1 , 0.38-0.54 µmol L −1 and 10.4-17.6 µmol L −1 , respectively (Fig. 3c-e) . They all showed a seaward decreasing pattern. In contrast, the outer shelf area was characterized by very low nutrient concentrations in the range < 0.9 µmol L −1 for DIN, < 0.12 µmol L −1 for PO 4 and < 3.9 µmol L −1 for Si(OH) 4 , reflecting an oligotrophic condition. Within the ∼ 100 m isobath of the NSCS shelf, we saw higher values of Chl a of 0.6-2.0 mg m −3 in the northeastern part relative to those in the southwestern part (0.4-0.7 mg m −3 ) (Fig. 3f) . The winter enhancement in Chl a on the NESCS shelf was, as a matter of fact, a common feature as demonstrated by the long-term MODIS (Moderate Resolution Imaging Spectroradiometer) Chl a data. As shown in Fig. 6a , the MODIS Chl a on the NESCS shelf ranged from ∼ 0.5 to 2.5 mg m −3 , visibly higher than that in the southwestern part of the NSCS. The average Chl a inventory, calculated based on in situ Chl a profiles at stations within the CCC, further suggested that the enhanced winter biomass on the NESCS shelf was even higher than that in the ECS (Fig. 6b) . Along the CCC regime, the Chl a inventory at station YZE located in transect PN of the ECS shelf was 12.0 mg m −2 . In contrast, higher averaged Chl a inventory was found on the NESCS shelf within the CCC, being 54.1, 20.5, and 15.6 mg m −2 at stations S601a, S401, and S201, respectively. As mentioned above, the winter lower biomass in the ECS is probably limited by the low temperature and/or light availability while such limiting factors might not be issues for the wintertime primary productivity on the NESCS shelf. Note that recent studies find that the NESCS shelf has higher new production (NP) of ∼ 0.15-0.34 gC m −2 d −1 in wintertime (Chen and Chen, 2006; Wang et al., 2012) 
Vertical distribution
Similar to the cross-shelf pattern of temperature and salinity, transect PN displayed a vertically homogeneous feature in nutrient distribution across the shelf (Fig. 4c-e) . DIN in the nearshore water column was as high as 9.3-12.5 µmol L −1 , but it rapidly decreased seaward to 3.6-7.0 µmol L −1 . PO 4 and Si(OH) 4 had similar patterns with concentrations ranging, respectively, from 0.51-0.68 and 15.1-16.9 µmol L −1 in the nearshore to 0.15-0.49 and 3.0-12.3 µmol L −1 offshore. The Chl a distribution in transect PN was also vertically homogeneous in the inner and middle shelves, with a low value of ∼ 0.7 mg m −3 in the CCC and even lower values of 0.3-0.5 mg m −3 on the shelf, regardless of the high nutrient concentration (Fig. 4f) .
Nutrients on the NSCS shelf also showed a vertically well mixed feature in their distribution as demonstrated in Fig. 5c -e for transect 2. Again, nutrient concentrations in the CCC near the coast were very high, with values of 7.8-8.0 µmol L −1 for DIN, 0.51-0.54 µmol L −1 for PO 4 , and 16.6-17.6 µmol L −1 for Si(OH) 4 . Consistent with the high levels of nutrients, Chl a in the CCC on the NESCS shelf was enhanced to ∼ 1.0 mg m −3 . This was in clear contrast to the nearshore regime in the ECS. The difference in the responses to the high nutrients was very likely related to the warmer temperature (∼ 18.0 • C) and more favorable light penetration on the inner NESCS shelf. Beyond the CCC domain of the NESCS shelf, nutrients decreased seaward, with a DIN of ∼ 0.5 µmol L −1 , PO 4 of ∼ 0.10 µmol L −1 and Si(OH) 4 of ∼ 2.5 µmol L −1 , while the corresponding Chl a was 0.6-0.8 mg m −3 , slightly higher than that on the ECS shelf (Fig. 4f) . The overall hydrological and biogeochemical properties, therefore, showed a clear picture of the CCC streaming from the ECS shelf to the NESCS shelf in wintertime. To understand the CCC further, detailed characteristics of the nutrients in the CCC domain were examined. Figure 7 illustrates vertical nutrient profiles from the stations along the CCC pathway. Here, the CCC exhibited a clear decreasing gradient from the ECS to the NESCS shelf via the TWS. For example, the DIN concentration was 24.3-35.7 µmol L −1 in the ECS segment, 2.4-14.1 µmol L −1 in the TWS segment and 2.4-8.0 µmol L −1 in the NESCS segment (Fig. 7a) . Spatial variations of PO 4 and Si(OH) 4 were similar to those of DIN (Fig. 7b and c) , and were highest in the ECS segment but lowest in the NESCS segment. It should also be noted that some point sources from local rivers might add nutrients along the CCC pathway. For example, at stations F18a and F16 off the Jiaojiang and Minjiang estuary mouths, higher concentrations and lower salinity (∼ 26.9 at F18a and 30.05-32.33 at F16) can be seen compared to those upstream (∼ 29.4 at F18 and 30.37-30.58 at F17) (Figs. 1b, 3 and 7) . Such impacts from point sources have already been recognized in previous studies (Wong et al., 2000; Lee and Chao, 2003; Naik and Chen, 2008) .
Nutrient characteristics of the CCC
In addition, most of the nutrient concentrations showed little vertical gradients at a water depth < 30 m throughout the CCC segments. In contrast, at the sites with water depth > 30 m, surface nutrient concentrations were considerably higher than those at the bottom (Fig. 7) . For example, the surface nutrients at station F15 in the TWS segment in winter 2008 were 14.1 µmol L −1 for DIN, 0.57 µmol L −1 for PO 4 , and 15.9 µmol L −1 for Si(OH) 4 , much higher than those of the bottom waters, which were 2.6 µmol L −1 for DIN, 0.19 µmol L −1 for PO 4 , and 3.6 µmol L −1 for Si(OH) 4 . Compared to winter 2008, the nutrient structures in the CCC obtained in winter 2009 had a similar profile shape but with stronger vertical mixing (data not shown). Nutrients at station F15 were almost identical in the upper layer as observed in the two winters. In the bottom water, much higher nutrient concentrations of 9.3 µmol L −1 for DIN, 0.51 µmol L −1 for PO 4 , and 10.1 µmol L −1 for Si(OH) 4 were observed in winter 2009. The elevated bottom nutrient concentration in 2009 might have been induced either from particle remineralization in the water column or regeneration from the sediment (Kao et al., 2003; Liu et al., 2007) .
We used the depth-averaged concentration of DIN (DIN) based on the trapezoid rule at each station along the CCC to represent the mean DIN concentration in the CCC, the variation of which largely followed the surface distribution (Fig. 3) . Figure 8 shows that the DIN concentration in both winters generally decreased southward with latitude, from 34.2 to 1.8 µmol L −1 in winter 2008 and from 23.7 to 0.1 µmol L −1 in winter 2009. Such a trend was however slightly disrupted at stations F18a and S201, where point nutrient sources from the local rivers were again visible. Note that the freshwater discharges from the Jiaojiang and Minjiang are less than one-thirteenth of those of the Changjiang in winter (Yu, 1992; Wang et al., 2011) , and it was considered that the contributions of the point sources were quite limited due to the much smaller river discharge.
Within the TWS segment (e.g., at station F15), DIN concentrations were 8.9 µmol L −1 in winter 2008 and 13.1 µmol L −1 in winter 2009 (Figs. 1b and 8) . Previous studies report that the average nitrate concentration in the TWS between ∼ 24.2 • N, 118.5 • E and ∼ 26.2 • N, 120.4 • E ranged 13.0-15.0 µmol L −1 in January 2003 (Chen, 2008; Naik and Chen, 2008) . The average nitrate concentration in the northern TWS (∼ 25.3 • N, 120.0 • E) was ∼ 14.0 µmol L −1 in the surface and ∼ 4.0 µmol L −1 in the bottom in March 1997 (Liu et al., 2000) . Another study shows that DIN concentration in the southern TWS (∼ 24.4 • N, 118.7 • E) was 7.7-20.1 µmol L −1 in November 2008 (Yan, 2011) . These data sets, though limited, do not show any noticeable inter-annual variation in DIN concentration in the TWS segment of the CCC. In our study, we used averaged water column concentration based on our own data sets collected in the two consecutive winters (2008 and 2009) to represent the DIN level in the TWS segment of the CCC, and the value was 11.0 ± 2.0 µmol L −1 .
The characteristic of the CCC can also be shown from the nutrient stoichiometry. The θ-S diagram in Fig. 2 superimposed by DIN : PO 4 ratios has already distinguished that the cold and diluted waters were associated with higher DIN : PO 4 ratios (> 16 : 1) while lower DIN : PO 4 ratio water was associated with high-salinity waters. To characterize the nutrients in the CCC further, the relationships between DIN and PO 4 , and Si(OH) 4 and DIN in winter were constructed (Fig. 9) . In detail, the DIN : PO 4 ratio in the CCC was ∼ 33.8 (Fig. 9a) , substantially lower than that in the Changjiang (100-160 : 1, Liu et al., 2009 ). The rapid reduction of the DIN : PO 4 ratio from the Changjiang to the CCC might be induced by mixing with the ambient seawater with low DIN : PO 4 ratios as shown in Figs. 2 and 9 and in previous studies (Chai et al., 2006; Zhang et al., 2007; . Si(OH) 4 : DIN ratios in the CCC regime were not that different from the rest of the study area (Fig. 9b) . This was likely due to the fact that the Changjiang, the entire ECS and the NSCS shelves all have a close to 1 : 1 Si(OH) 4 : DIN ratio (Fig. 9b) .
In summary, the hydrochemical characteristics of the CCC were distinctly different from those of the ambient shelf water. This nutrient-enriched CCC was primarily sourced from the ECS and was interconnected with the ECS shelf and the NESCS shelf via the western TWS. 
CCC volume transport across the western TWS
Field observations
During October-December 1999 and January-February 2001, along-strait current velocities at sites C1 and WC1 in the western TWS were measured using a bm-ADCP (Fig. 1c) . These time-series data at C1 were explicitly introduced by Lin et al. (2005) . Briefly, the current velocity was primarily southwards over the whole water column with small vertical gradient and generally fluctuated with the northeast monsoon (see Figs. 3 and 10 in Lin et al., 2005) . The low-passed current velocity was then used to estimate the volume transport (T , Sv) assuming the width of the CCC: the distance between the mooring location and the coastline (from 24.848 • N and 119.680 • E to 25.043 • N and 119.326 • E, Fig. 1c) is ∼ 40 km, and the current velocity across the CCC is uniform (Fig. 10) .
Very dynamic, T varied from −1.12 to 0.45 Sv with a period of 5-10 days, roughly consistent with northeasterly wind variability associated with the local synoptic weather system (Fig. 10a) . If we averaged all the negative values (or southward transport), the mean was −0.33 ± 0.28 Sv (with the standard deviation representing southward transport variability). On the other hand, the average of all positive values (or northward transport) was 0.12 ± 0.08 Sv (Fig. 10a) . The net southward T was therefore estimated to be 0.18 Sv with a standard deviation of 0.31 Sv. This estimate was consistent with the derived T of 0.1-0.2 Sv based on the current velocity (0.1-0.2 m s −1 ) observed in the same winter although the latter observation was conducted further north of C1 with different water depth and width of the CCC. The volume transport in winter 2001 followed a similar pattern to that in 1999, but had lower values ranging from −0.66 to 0.33 Sv with a net southward transport of 0.03 ± 0.20 Sv (Fig. 10b) . This value of the volume transport was comparable to the derived T of ∼ 0.05 Sv based on the velocity (∼ 0.05 m s −1 ) observation in winter 1987 by Fu et al. (1991) , or the T value of 0.06-0.12 Sv based on the velocity (0.1-0.2 m s −1 ) measured by Pan et al. (2012) . Again, these different observations were conducted at different locations, and the T estimate was based on different water depths and widths of the CCC (Table 1) . The above volume transport values obviously had inter-annual variations, the reasons for which were unclear. One possible driver for such temporal changes could be related to the inter-annual variations of wind speed, or the strength of the northeastern monsoon, a primary driver of the CCC. Indeed, based on QuickSCAT monthly wind data (http://www.ssmi.com/qscat/ qscat_browse.html), the wind speed was ∼ 15 m s −1 in 1999 and ∼ 11 m s −1 in winter 2001, and we saw larger transport in 1999. Unfortunately, the limited observational data have not allowed quantitative examination between the CCC transport and the wind stress, and this warrants further research. 
Model verification and model results
The field observations in the TWS have thus far been very limited. Moreover, they were generally short-term with limited spatial and temporal coverage, and so the inter-annual variability cannot thus be resolved based solely on these observational data. We thus adopted a numerical model driven by climatological forcing in order to simulate the current velocity across the TWS in the entire winter (December, January, and February) and subsequently to estimate the climatological volume transport better. Figure 11 shows the modeled climatological along-shore current velocity along 24.6 • N across the TWS in winter. The model-derived velocity structure exhibited two segments: one was the southward CCC, which was confined in a narrow zone hugging the west coast of the TWS; the other was the northward flowing Taiwan Strait Warm Current located in the rest of the TWS. Such a pattern was consistent with previous results from in situ observations, supporting the validity of our numerical model (Fu et al., 1991; Liang et al., 2003; Chen et al., 2010) .
It is important to note that our model-derived current velocity field displays a zonal velocity gradient within the CCC regime (Fig. 11) , a feature not easily captured by a fixed mooring station observation. The modeled velocity within the CCC essentially decreased from ∼ 0.3 m s −1 nearshore to ∼ 0.1 m s −1 offshore. Such a pattern was consistent with the sb-ADCP-based survey around a similar location with values of 0.1-0.2 m s −1 .
To further check our model results, the modeled current velocity at station F15 (24.6 • N and 119.0 • E) was chosen and compared with the in situ observation at station WC1 in winter 2001, which was at a similar location and under a similar wind forcing (∼ 11 m s −1 ). The modeled velocity vertical profile at station F15 showed a decreasing pattern, from 0.29 m s −1 in the upper layer to < 0.1 m s −1 at the bottom. The depth-averaged velocity was 0.06 ± 0.09 m s −1 (Fig. 11) , which is of the same order of magnitude as the observed mean velocity of ∼ 0.02 m s −1 at WC1. This suggests that the model results under climatological forcing predicts reasonable flow field.
To estimate the transport of the CCC, we integrated the modeled flow field over the entire water column within the CCC spanning between 119.0 • E and 118.84 • E with a width of ∼ 17.5 km (marked by the red solid line in Fig. 1c) and across a water depth of 25-44 m. Note that 118.84 • E was the model meridional velocity grid closest to land and was used as the edge of the CCC in our calculation. We derived a transport of 0.13 ± 0.09 Sv, which corresponds to a mean equatorward of 0.17 ± 0.12 m s −1 .
DIN flux of the CCC and its contribution to the new productivity on the NESCS shelf
The DIN flux of the CCC through the TWS could be derived from the average DIN concentration and the average T . Because we did not find noticeable inter-winter variations in DIN concentrations in the TWS segment of the CCC from our own observations or from the literature, we adopted the average DIN concentration of 11.0 ± 2. Albeit the large uncertainty of the estimated DIN flux resulting from variations in both the DIN concentration and volume transport fluxes, this DIN flux was substantial as compared to the concurrent DIN discharge from the Changjiang in wintertime, which is estimated to be ∼ 760 mol s −1 (Liu et al., 2009) . Because the DIN loading of the Pearl River is small in winter and PRP flows southwestward driven by the northeast monsoon in winter (Liu et al., 2009; Ou et al., 2009 ) with little contribution to the NESCS, and the winter monsoon favors coastal downwelling (S. M. Gan et al., 2013b) , the CCC-supplied nutrients were critically important to the NESCS shelf, which would otherwise be low in productivity despite its favorable light and temperature conditions. Assuming the CCC persists from December to February, its total DIN transport was calculated to be 11.12 ± 7.96 × 10 9 mol N. If we assumed a C : N ratio of 106 : 16, this amount of DIN would be equivalent to 8.84 ± 6.33 × 10 11 gC being fixed on the NESCS shelf. Based upon our parallel study conducted on the same cruise in winter 2008, the NP and PP at station S608 (see location in Fig. 1b , water depth 106-118 m, or station S1 in on the NESCS shelf were measured to be about 0.15 gC m −2 d −1 and 0.51 gC m −2 d −1 . In a previous study, the NP and PP were measured at a station at water depth of ∼ 73 m on the NESCS shelf in winter 2004 to be 0.34 gC m −2 d −1 and 0.82 gC m −2 d −1 (Chen and Chen, 2006) , slightly higher than those observed in winter 2008. Similarly, a winter PP of ∼ 0.8 gC m −2 d −1 was reported by Hao et al. (2007) for the inner NESCS shelf. Thus, we adopted an NP range of 0.15-0.34 gC m −2 d −1 and a PP range of 0.51-0.82 gC m −2 d −1 . Given that the surface area of the NESCS shelf shallower than 100 m is ∼ 8.8 × 10 4 km 2 , we estimated that the CCC-carried DIN could have supported 33-74 % of the NP and 14-22 % of the PP in winter.
It is noted that the NESCS shelf is strongly impacted by the intrusion of the Kuroshio water of extremely low nutrients (Du et al., 2013) in its surface water, which could displace or dilute the nutrient-laden water of CCC. On the other hand, certain diapycnal mixing processes, such as tidal current, and/or internal waves might be able to transport nutrients from the Kuroshio subsurface water to the upper water column, which are yet to be quantified. Nevertheless, given the limited nutrient input into the NESCS shelf in winter, the CCC-transported nutrients should have been critical in sustaining the winter biological production as we observed.
Summary and conclusions
This study has highlighted that the monsoonal wind-driven CCC might be a primary conduit for nutrient transport from the ECS to the NESCS shelf. We estimated that the DIN flux carried by the CCC through the TWS was 1430 ± 1024 mol s −1 , which was very significant given the very limited nutrient influx into the NESCS shelf in winter. Such a DIN flux might have supported a carbon fixation of 8.84 ± 6.33 × 10 11 gC, which corresponded to 33-74 % of NP or 14-22 % of PP on the NESCS shelf in winter.
This study has demonstrated that along-shore transport could indeed have important biogeochemical implications. In the present case, the southward nutrient transport from the north that was typically cold and had excess nutrients could significantly stimulate biological productivity downstream, thereby redistributing both nutrients and biomass.
It must be pointed out that the present estimate of nutrient transport is subject to a high degree of uncertainty. Longer term observations of both volume transport and nutrient distribution are needed to constrain better this important transport that has been often overlooked.
